Resveratrol is a polyphenolic compound that exhibits antiinflammatory and cardioprotective properties. In this study we investigated the protective role of resveratrol on the inflammatory activation of macrophages during pathogenesis of atherosclerosis. Macrophage Ana-1 cells were stimulated by cholesterol and resveratrol, and the cell culture supernatant was collected to treat human umbilical vein endothelial cells (HUVECs). The release of IL-1β into the Ana-1 cell supernatant was quantified by ELISA. Expression of the adhesion molecule ICAM-1 and E-selectin in HUVECs were examined by Western-blotting. Additionally, the adhesion of monocytes in HUVECs under different conditions was tested by cell adhesion analyses. The results indicated that the high cholesterol treatment increased the expression level of IL-1β, while pretreatment with resveratrol inhibited this induction of IL-1β in Ana-1 cells. Resveratrol inhibited the adhesion of monocytes to the endothelium at least partly through inhibition of IL-1β expression in macrophages. Moreover, the expression level of caveolin-1 significantly increased after the pretreatment with resveratrol, indicating that resveratrol enhances reverse cholesterol transport (RCT) in macrophages. Our study indicated that resveratrol has significant antiinflammatory effects and can be considered as a candidate molecule to prevent atherosclerosis.
INTRODUCTION
Atherosclerosis is a chronic pathological process closely related to proinflammatory cytokines and cholesterol accumulation. Atherosclerosis is responsible for a large proportion of cardiovascular mortalities in developed and developing countries [1] .
Activation of the macrophage inflammasome is the key point in the initiation of atherosclerosis. Many studies have shown that IL-1β is a latent proatherogenic cytokine, and the severity of the atherosclerotic lesions in coronary arteries is associated with IL-1β levels [2] . IL-1β knock-out in atherosclerosis-susceptible ApoE -/mice results in regression of atherosclerosis development [3] . Moreover, the secretion of many other cytokines and chemokines are also induced by IL-1β, and IL-1β promotes the expression of inducible nitric oxide synthase (iNOS), cell adhesion molecules (CAMs) and endothelin-1 in endothelial cells [4] [5] [6] In this study we focused on the IL-1β release in macrophages under different treatments.
Besides cytokines, CAMs also play key roles in atherogenesis and allergies by regulating monocyte recruitment, adherence and migration of immunocompetent cells into vascular intima [7] . Many studies have shown that the intracellular adhesion molecule-1 (ICAM-1) and endothelial selectin (E-selectin) are regulated by cytokine stimulation in endothelial cells [8, 9] , and that they also act as ligands for the attachment of monocytes [10, 11] . Their expression levels are regarded as the markers of endothelial activation [11] . Moreover, increased expression (ICAM-1) was observed in patients with extensive atherosclerosis [12] .
Cholesterol is an indispensable lipid in vertebrates that is insoluble in aqueous environments, and a complicated mechanism maintains cholesterol balance in vertebrates [13] . Many diseases are the result of cholesterol imbalance. It was reported that germ-free animals are more susceptible to atherosclerosis, suggesting that the inflammation during atherosclerosis may arise from the endogenous substances [14] . Given that atherosclerosis is intimately related to cholesterol imbalance, we investigated the role of cholesterol accumulation in the development of atherosclerosis.
Resveratrol is a polyphenolic compound found in grapes and some traditional Chinese medicinal plants such as Polygonum cuspidatum. [15] . While many studies suggest that resveratrol exhibits cardioprotective and antiinflammatory properties [16] [17] [18] [19] [20] [21] [22] , the molecular mechanisms underlying the protective role of resveratrol on atherosclerosis are not fully understood. In this study we examined the antiinflammatory role of resveratrol on cholesterol-treated macrophage Ana-1 cells and found that resveratrol pretreatment inhibited the cholesterol-induced IL-1β production in the cells. We also found that resveratrol inhibited the adhesion of monocytes to the endothelium partly through its inhibition of IL-1β expression in macrophages. Our study indicates that resveratrol has significant antiinflammatory effects and could be used to prevent atherosclerosis.
MATERIALS AND METHODS

Ethics statement
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. The studies have been approved by the Bioethics Committee of Shanghai Jiao Tong University, China. We obtained a written informed consent from all participants and guarantee there was no harm to their health.
Reagents
Resveratrol and cholesterol were purchased from Sigma (St. Louis, MO, USA). Mouse and rabbit monoclonal antibody to endothelial cell surface marker was purchased from Proteintech (Illinois, USA). Mouse monoclonal antibody to ICAM-1 and rabbit polyclonal antibody to E-selectin and Cav-1 were purchased from Proteintech (Illinois, USA). The enzyme-link immunosorbent assay (ELISA) kit for IL-1β was obtained from Boster (Hubei, P.R. China). Dulbecco's modified eagle's medium (DMEM) was purchased from Gibco BRL (Life Technique, NY, USA). L-glutamine, HEPES, penicillin, and streptomycin were purchased from Sino-American Biotec (Henan, P.R. China). Fetal calf serum (FCS) was purchased from the Institute of Hematology of the Chinese Academy of Medical Science (Tianjin, P.R. China). The neutralizing anti-mouse antibodies (against IL-1β) were purchased from Santa Cruz Biotechnology (California, USA). Collagenase IV was obtained from Sangon (Shanghai P.R. China). Endothelial cell growth factor was purchased from ScienCell (San Diego, USA).
Ana-1 cell culture and treatment
The macrophage cell line Ana-1 was purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Science. Cells were cultured in DMEM containing 10% FCS, 100 μg/mL streptomycin, 100 U/mL penicillin and 2 mM L-glutamine in 100 cm 2 flasks (37°C, 95% air, 5% CO 2 ). To investigate the role of resveratrol or cholesterol, Ana-1 cells were divided into four groups as follows: the control group (C group), the resveratrol group (R group), the cholesterol group (D group) and the resveratrol+cholesterol group (R+D group). Ana-1 cells were implanted onto four 100-cm 2 flasks at a density of 10 5 cells/mL. After 24 h serum-free culture, the cells were incubated in culture medium containing resveratrol and/or cholesterol. The C group was incubated with ordinary culture medium while the R group and D group were separately incubated with 10 μM resveratrol or 200 μg/mL cholesterol in the culture medium (the resveratrol content used in the experiment was determined by the pre-experiment and related references [23] while the cholesterol content mainly simulated the cholesterol levels in patients with hypercholesterolemia [16-19, 22, 24, 25] ). In the R+D group, the Ana-1 cells were pretreated with resveratrol for 4 h, and cholesterol was added to the culture medium for 24 h. After incubation, Ana-1 cells as well as the supernatant of each group were collected, centrifuged and filtered until later use.
HUVEC culture and treatment
Human umbilical cords were collected in sterile D-Hanks (pH 7.4) solution (KCl 5 mM, NaCl 137 mM, KH 2 PO 4 0.4 mM, D-glucose 5.6 mM, and Na 2 HPO 4 0.6 mM). The cords were stored at 4°C and used within 6 h after delivery. HUVECs were harvested using the universal method with modifications [26] . The endothelial cells were sedimented once and resuspended in DMEM containing 20% FCS and supplemented with 100 mg/mL streptomycin, 100 U/mL penicillin, 2 mM L-glutamine, 15 mM HEPES and 50 mg/ mL endothelial cell growth factor. Endothelial cell identity was verified by the characteristic cobblestone morphology and positive testing for the endothelial surface marker with monoclonal antibodies. The cells were analyzed with a FACSCalibur TM Flow Cytometer (Becton Dickinson, NJ, USA). The isolated endothelial cells had a high purity of 88.73±3.1% that met the requirements of the experiments.
The HUVECs were divided into four groups as follows: C group, R group, D group, R+D group. During treatment, the HUVEC culture medium of each group was removed, followed respectively by the addition of the corresponding Ana-1 cell supernatants collected above (i.e. C group HUVECs were incubated with the C group Ana-1 cell supernatant, and so on), and incubation for 24 h. To investigate the effect of IL-1β on HUVECs, two groups of HUVECs were added, the IL-1β neutralized cholesterol group (abbreviated as the D+Ab group) and the IL-1β neutralized resveratrol+cholesterol group (abbreviated as the R+D+Ab group). Neutralizing anti-mouse antibodies (against IL-1β) were used to neutralize the IL-1β in the D and R+D group Ana-1 supernatants for 2 h before addition to the HUVECs. The D+Ab and R+D+Ab groups of HUVECs were coincubated with the corresponding post-neutralization supernatants for 24 h as well. Finally, the activated HUVECs were collected for protein extraction using RIPA lysis buffer or for the adhesion assay.
Monocyte-HUVEC adhesion assay
Monocytes were donated by healthy volunteers. The cells were purified by density centrifugation of heparinized whole blood on sodium metrizoate and dextran 500 (Polymophprep TM, Nycomed Pharma As) and used within 6 h. The adhesion assay of the monocytes to the activated endothelial cells was conducted as follows: the endothelial cells were incubated for 24 h at 37°C as described above; the C group HUVECs were used as the blank control; after incubation, we removed the supernatant and the HUVEC monolayers were then washed twice with phosphate buffered saline (PBS) before each adhesion assay. The monocytes (5x10 5 ) were then immediately added to the HUVECs, as stated above, and cell attachment assays were performed for 4 h at 37°C. No adherent cells were washed away. Plates were placed in PBS containing 4% glutaraldehyde. After washing, the adherent cells were counted in 6 to 8 microscopic high power fields (400×), and the Ri (the number of monocytes adhering to 100 HUVECs) was used as the marker to evaluate the monocyte-HUVEC adhesion.
Western blotting
The protein samples obtained from treated cells were exposed to sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes (bore diameter: 0.45 μm). The antibodies used for incubation were as follows: anti-ICAM-1 antibody Cat. #60299-1-Ig (Proteintech, USA), anti-E-selectin antibody Cat. #20894-1-AP (Proteintech, USA), anti-Cav-1 antibody Cat. #16447-1-AP (Proteintech, USA), and GAPDH rabbit mAb (Cell Signaling Technology, USA). After sufficient rinsing with 100 mM Tris-buffered saline, pH 7.4, 0.1% Tween-20 (TBST), the membranes were incubated with the corresponding secondary antibody HRP-labeled goat anti-rabbit IgG (H+L) at 37°C for 1 h. Millipore Immobile Western Chemiluminescent horseradish peroxidase (HRP) substrate was used, and the final blot was exposed to X-ray film in the darkroom. In each group, three parallel tests were performed. The expression levels of the target genes were normalized against the internal control GAPDH.
Statistical analysis
Group comparison was analyzed using an unpaired t-test. Differences of three or more groups were evaluated by one-way analysis of variance (ANOVA); p<0.05 was considered significant; the data are shown as the mean±SE.
RESULTS
Resveratrol inhibits the cholesterol-induced expression of cytokine IL-1β in Ana-1 cells
The levels of released IL-1β in the Ana-1 cell culture supernatant were measured using ELISA. Fig. 1 shows that the high cholesterol level significantly enhanced the expression of cytokine IL-1β in Ana-1 cells by 61.05% (P<0.01), while resveratrol pretreatment for 4 h decreased the cholesterol-induced expression of IL-1β in Ana-1 cells by 31.43% (P<0.01). These results suggested that the high contents of cholesterol induced the expression of IL-1β, while resveratrol treatment inhibited this induction in Ana-1 cells.
The culture supernatant from Ana-1 cells regulates the expression of adhesion molecules in HUVECs
Adhesion molecules play key roles in atherogenesis and allergies by regulating the recruitment, adherence and migration of the immunocompetent cells into the vascular intima [7] . We conducted Western-blot analyses to measure the expression of adhesion molecules in 4 different groups of HUVECs. The Western-blot results ( Fig. 2A and B) show that both adhesion molecules, ICAM-1 and E-selectin, were upregulated in the D group HUVECs by 55.17% and 82.56% respectively, compared with the C group HUVECs (P<0.01). Moreover, both ICAM-1 and E-selectin were downregulated in the R+D group HUVECs by 51.46% and 42.49%, respectively, compared with the D group HUVECs (P<0.01) ( Fig. 2A and B) . These results suggest that the Ana-1 cell supernatants regulated the expression of adhesion proteins in the HUVECs.
IL-1β upregulates the expression of adhesion molecules in HUVECs
Based on the results shown above, we hypothesized that IL-1β in the Ana-1 cell supernatants affected the expression of adhesion molecules in HUVECs. Hence, we designed the following experiment to verify this hypothesis. In this experiment we divided the HUVECs into 6 groups, and performed Western-blot analysis to verify the expression of adhesion molecules in these 6 groups of HUVECs. The Western-blot results (Fig. 3A  and B ) revealed that the IL-1β neutralizing antibody significantly downregulated the expression of both ICAM-1 and E-selectin (p<0.01) in the D group Ana-1 cell supernatant. However, in the R+D group Ana-1 cell supernatant, the neutralizing antibodies (against IL-1β) failed to result in a significant difference in the expression of adhesion molecules ICAM-1 and E-selectin ( Fig. 3A and B) .
The adherence of circulating monocytes to the endothelium and their migration into inflammation sites are key events in various inflammation processes. Thus, we also measured the adhesion of monocytes to HUVECs by non-static cell-binding assays using Ri (the number of monocytes adhering to 100 HUVECs) as the marker. Fig. 4A -F shows the representative areas of monocytes adhering to different groups of HUVECs, and the Ri are shown in Fig. 4G as the mean±SE. Exposure of HUVECs to the cell supernatants of cholesterol-stimulated Ana-1 for 24 h significantly increased cell adhesion, while the pretreatment with resveratrol or treatment with neutralizing antibodies against IL-1β inhibited this increase in cell adhesion as shown in Fig.  4C , D and E. Taken together, these results indicate that IL-1β is one of the main factors regulating the expression of ICAM-1 and E-selectin in HUVECs.
Effect of cholesterol and/or resveratrol on the expression of the main constitutive protein of caveolae, caveolin-1
Caveolin-1 is widely expressed in macrophage membranes and is considered to be the center of reverse cholesterol transport (RCT) [27] . To investigate whether cholesterol and/or resveratrol regulate RCT, we conducted Western-blot analyses to verify the changes in caveolin-1 expression. As shown in Fig. 5 , the expression of caveolin-1 was significantly increased after the treatment with resveratrol, indicating that resveratrol treatment enhances RCT in Ana-1 cells. Furthermore, the treatment that increased the cholesterol content also increased the expression of caveolin-1. This result pointed to a selfregulatory mechanism in Ana-1 cells that stimulated RCT under conditions of high cholesterol content. Taken together, our results indicate that resveratrol plays an antiinflammatory role by stimulating RCT in macrophages.
DISCUSSION
Hypercholesterolemia is a major independent risk factor for cardiovascular disease, and it is one of the earliest lesions of atherosclerosis that involves the progressive accumulation of lipids on the vascular wall [28, 29] . Elevated cholesterol levels have long been known to be associated with hypercholesterolemia [25] . Numerous epidemiological and experimental studies have linked the development of atherosclerosis and its complications to hypercholesterolemia and high serum levels of low density lipoprotein (LDL) [28, 29] . Moreover, another study showed that one of the major risk factors for the development of endothelial dysfunction and the progression of atherosclerosis is dyslipidemia [30] . Resveratrol is a known antioxidant and dietary polyphenol. Previous studies indicated that resveratrol inhibited the development of atherosclerotic disease through its antiinflammatory activity or other unknown activities [16] [17] [18] [19] [20] [21] [22] 31] . Thus, the specific mechanism underlying the effects of resveratrol is not fully understood and still warrants further investigations.
Atherosclerosis is a chronic inflammatory disease of the arterial vessel wall characterized by a gradually thickening of the intima. This process is mainly due to the subendothelial accumulation of macrophages. The macrophages play crucial roles in the initiation and progression of atherosclerotic lesion development [1, 32] . In atherosclerotic lesions, macrophages exhibit a chronic proinflammatory state that continuously stimulates the endothelial cells and initiates atherosclerosis by secreting proinflammatory cytokines [33] . In the initial stages of atherosclerosis, endothelial cells are activated by proinflammatory cytokines, followed by adhesion of blood leukocytes to the activated endothelial monolayer. The adherent leukocytes directly migrate into the intima and the monocytes (the most numerous of the recruited leukocytes) differentiate into macrophages that uptake lipids, finally yielding foam cells [34, 35] . By releasing related proinflammatory cytokines, macrophages accelerate monocyte recruitment and differentiation, which ultimately promotes the atherosclerosis [36] .
Several studies have suggested that resveratrol exhibits antiinflammatory properties. However, little is known about its antiinflammatory effects on macrophages in the hypercholesterolemic environment. Mouse macrophages are a useful model for research as they exhibit a similar response to stimuli compared to human macrophages [37] . In this respect, the main results of the present work involve measurement of the cytokine IL-1β in the supernatant of Ana-1 treated with cholesterol or/ and resveratrol using ELISA. Other researchers have shown that increased levels of ICAM-1 and E-selectin are related to further progression of atherosclerosis and are also regarded as markers of endothelial activation [38, 39] . Therefore, we then used Ana-1 culture supernatants to co-culture HUVECs and to investigate the effects of cytokines in the Ana-1 supernatant on the expression of ICAM-1 and E-selectin in HUVECs. The cholesterol concentrations used in this experiment mimicked the blood cholesterol levels of patients with hypercholesterolemia. The obtained findings indicate that hypercholesterolemia is a risk factor for many inflammation-related diseases in vitro.
We showed that resveratrol inhibited the high cholesterol content-induced high IL-1β level in Ana-1 cells. This result indicated that resveratrol inhibited cholesterol-induced inflammation in vitro. The HUVECs cultured in the supernatant of cholesteroltreated Ana-1 showed increased expression of surface adhesion molecule proteins, indicating increased production and/or recruitment of adhesion molecules to the HUVECs. In contrast, the HUVECs cultured in the supernatant of resveratrol+cholesterol-treated Ana-1 showed lower expression of surface adhesion molecule protein. Combined with the previous ELISA results and other studies [2] [3] [4] [5] , we reasoned that these changes are related to inflammatory factors such as IL-1β in the supernatant of Ana-1 cells. Therefore, to fully demonstrate the effects of the cytokine IL-1β in HUVECs, neutralizing antibodies against IL-1β were also used. In accordance with our hypothesis, the supernatant-mediated changes in the expression of ICAM-1 and E-selectin were eliminated by the neutralizing antibodies against IL-1β, indicating that these processes are mediated at least in part by IL-1β. In addition, to detect the expression levels of ICAM-1 and E-selectin, we also measured the adhesion of monocytes to HUVECs using a non-static cell-binding assay. This assay also showed that the adhesion of monocytes to HUVECs was mediated at least in part by IL-1β. However, the types of cytokines that exert an effect on the adhesion of monocytes to HUVECs are not yet fully known and many other cytokines may also affect this process [34, 35] . Therefore, other related cytokines still warrant further studies.
Resveratrol supplementation has been shown to significantly decrease plasma total cholesterol, triglyceride and low-density lipoprotein (LDL) contents and to significantly increase HDL levels in ApoE -/mice fed an atherogenic diet [31] . The deposition of choles-terol in macrophages may stimulate activation of the inflammation process [40] . Some researchers showed that resveratrol enhanced the cholesterol efflux from macrophages [41, 42] . The narrower concept of RCT involves cholesterol efflux from cells, and it is believed to be the mechanism responsible for the inhibition of cholesterol deposition in macrophages [27] . Caveolin-1 plays an important role in RCT [27] . We also showed that the expression of caveolin-1 was significantly increased by the pretreatment with resveratrol, indicating that resveratrol treatment enhances the RCT in Ana-1 cells. Moreover, ABCA1 and ABCG1 are important proteins participating in RCT and are also upregulated by treatment with resveratrol [41] [42] [43] . Thus, we hypothesize that resveratrol may exert its antiinflammatory effects by stimulating RCT and by inhibiting the deposition of cholesterol in macrophages.
According to recent studies, resveratrol mainly improves three important characteristics of macrophages that are related to atherosclerosis, including the ability to efflux cholesterol, formation of foam cells and release of proinflammatory mediators [31, 35, 41, 42, [44] [45] [46] . Our results suggest that resveratrol inhibits monocyte recruitment at least in part by inhibition of IL-1β release in macrophages, with the lower IL-1β release likely the result of enhanced RCT. The present study describes an inner link between the different protective effects of resveratrol on proinflammatory macrophages during atherosclerosis and points to the potential value of resveratrol in the prevention of atherosclerosis.
